This paper presents four continuously variable W-band phase shifters in terms of design, fabrication, and radiofrequency (RF) characterization. They are based on low-loss ridge waveguide resonators tuned by electrostatically actuated highly conductive rigid fingers with measured variable deflection between 0.38 and 8.258 (at a control voltage of 0-27.5 V). A transmission-type phase shifter based on a tunable highly coupled resonator has been manufactured and measured. It shows a maximum figure of merit (FOM) of 19.58/dB and a transmission phase variation of 708 at 98.4 GHz. The FOM and the transmission phase shift are increased to 558/dB and 1348, respectively, by the effective coupling of two tunable resonances at the same device with a single tuning element. The FOM can be further improved for a tunable reflective-type phase shifter, consisting of a transmission-type phase shifter in series with a passive resonator and a waveguide short. Such a reflective-type phase shifter has been built and tested. It shows a maximum FOM of 1018/dB at 107.4 GHz. Here, the maximum phase shift varied between 08 and 3778 for fingers deflections between 0.38 and 8.258. 
I . I N T R O D U C T I O N
Millimeter-wave frequencies have shown a great potential for systems that require high-data rates and high resolution. Nowadays an increasing number of applications such as automotive anti-collision radar (77-78 GHz), multi-gigabit wireless transmission (71-76 GHz, 81-86 GHz), and millimeter-wave imaging (94 GHz) have been assigned at W-band (75-110 GHz) imposing new design and fabrication challenges for the radiofrequency (RF) front-end components. W-band phase shifters are extensively used in the applications mentioned above to provide signal control. They find application in phased antenna arrays (transmission type) and reflect-array antennas (reflective type) for beam forming and beam steering. Topologies presented in the literature are typically based on switched true-time delay-lines (TTD) or periodically capacitiveloaded transmission lines distributed MEMS transmission line (DMTL) [1, 2] . Microelectromechanical systems (MEMS) are utilized as tuning elements due to their advantages toward low insertion loss (IL) and high linearity when compared with solid-state technologies [3, 4] . In [1] , Stehle et al. demonstrated a 3-bit TTD phase shifter with a maximum phase shift of 3608 and an IL of 5.7 dB at 76.5 GHz (63.28/dB). A 3-bit DTML phase shifter with maximum phase shift of 4008 and IL of 4.3 dB at 94 GHz (938/dB) was shown in [2] . Even though these topologies provide large phase variation of more than 3608, they are only suitable for applications that require discrete phase shift. In addition, they require large number of tuning components (10 and 28 switches in [1, 2] , respectively) whose number depends on the desired phase shift resolution. Furthermore, they utilize MEMS elements that are based on thin metallic capacitive bridges that might often fail to handle high RF power (.30 dBm) due to induced current densities that give rise to high localized temperatures. Reliability issues and failure mechanisms have been discussed in [5, 6] . A 4.25-bit DTML phase shifter with vertically actuated high-resistivity silicon blocks has been proposed in [7] by Somjit et al. to improve RF power handling (40 dBm). In an alternative approach, materials with tunable properties such as ferroelectrics and liquid crystals have been used [8, 9] . The proposed topologies feature analogue phase shift and could potentially handle high levels of RF power (compared with planar-based geometries) due to the use of waveguide transmission lines. On the other hand, they are of large form factor (55 mm 3 in [8] ), and they show high IL (4-8 dB) due to the large dielectric losses (tan d: 0.05-0.07) of the involved materials [10] .
Air-filled metal waveguides are inherently advantageous in terms of low loss and high power handling when compared with planar transmission lines (coplanar waveguide (CPW), coplanar stripline (CPS), and microstrip) and for frequencies beyond a few GHz. Hence, it can be envisioned that their co-integration with MEMS tunable components may pave the way for outperforming reconfigurable devices. This concept was first introduced by Daneshmand et al. [11] for the application of a waveguide switch at K and Ku-bands. Later, Sammoura et al. [12] demonstrated a metalized plastic W-band phase shifter tuned by deformable membranes with a maximum phase shift of 1108 and an IL of 3.5 dB (31.48/ dB) at 95 GHz. A transmission-type phase shifter based on a dielectric rod waveguide and an analogue-tunable highimpedance surface was presented in [13] and showed a maximum phase shift of 328 and an IL around 7.5 dB (4.38/dB).
In this paper, novel continuously variable transmissiontype and reflective-type phase shifters are presented. They are based on ridge waveguide resonators whose center frequency is varied by MEMS actuated highly conductive rigid fingers. Preliminary results were presented by the authors in [14] for a phase shifter with moderate performance (maximum phase shift: 46.48, IL: 3.4 dB and figure of merit (FOM) -maximum phase variation to the maximum IL, FOM -of 13.68/dB at 106 GHz). In this paper, the authors present an extensive description of the design, fabrication, and experimental validation of the proposed concept including optimized results that correspond to a transmission phase shift variation of 708 and a FOM of 19.58/dB. In addition, a new design for a transmission-type phase shifter based on the coupling of two tunable resonances is also reported to improve the RF performance in terms of phase shift (1348) and FOM (558/dB). The concept has been extended to a reflective-type phase shifter design [15] . A reflective-type phase shifter operating at a frequency of 107.4 GHz with a state-of-the-art performance in terms of maximum analogue phase shift (3778), IL (,3.74 dB) and FOM (1018/dB) is reported. It can be directly utilized as a phase shifting element in a reflect-array antenna or it can be transformed to a transmission-type phase shifter with a circulator or a quadrature hybrid and an additional similar reflective-type device.
The organization of this paper is as follows: Section II provides a description of the proposed phase shifting principles. In Section III, a practical realization concept for W-band applications is described and applied for the design, fabrication, and experimental validation of two different transmission-type phase shifters. In Section IV, two different reflective-type phase shifters are presented and experimentally tested as a proof of concept demonstrator.
I I . P H A S E S H I F T E R C O N C E P T S

A) Transmission-type phase shifters
A transmission-type phase shifter with a variable output phase can be readily created by a transmission line tuned by a variable shunt capacitance. Its behavior can be described by equations (1) and (2) . Variation of the transmission phase is achieved by increasing C which in turn deteriorates the input reflection S 11 and transmission S 21 . For a worst case input reflection around 210 dB (corresponding to a worst case transmission of 20.46 dB assuming a lossless structure), the maximum achievable phase shift is limited to 18.58 and the FOM to 40.28/dB. The phase shift and FOM can be increased at the cost of reduced bandwidth if a resonant structure such as a highly coupled resonator is used. In this case, the maximum phase shift can be obtained by tuning the resonator center frequency towards lower ( f L ) and higher frequencies ( f H ) so that the worst case input reflection for all tuning states will appear at the desired center frequency f cen . Figure 1 illustrates an example of such a phase shifter at a center frequency of 100 GHz. It is constructed by a parallel-LC resonator that realizes a Butterworth passband frequency response with 2.5% fractional bandwidth. Center frequency tuning from 99.6 GHz to 100. 4 GHz results in a maximum phase shift of 36.98 and a maximum FOM of 808/dB at 100 GHz.
The variable transmission phase shift can be further increased if more resonances are coupled in such a way so as to create a broad tunable passband with 0.46 dB ripple at the desired center frequency (e.g. 100 GHz), Fig. 2 . For the same thresholds defined above, and assuming an example of a simple structure consisting of two series cascaded resonators that realize a Chebyshev passband frequency response of 1.75% fractional bandwidth and center frequency tuning between 99.15 GHz and 100.9 GHz; the resulting output phase shift increases to 1378 and the FOM to 2988/dB. Similarly, further improvement in the phase shift range can be expected if three or more resonators are utilized.
B) Reflective-type phase shifter
A reflective-type phase shifter can be constructed by adding a short at one end of a transmission-type phase shifter. It is expected that the resulting reflection phase shift is approximately twice the phase shift of the transmission-type phase shifter since the signal travels twice through the device. In fact, the transmission line section between the transmission phase shifter and the short can form another resonator by itself and depending on its length it can affect the reflection phase shift range. Figure 3 illustrates the performance of the transmission-type phase shifters of Figs 1 and 2 when cascaded with a short-circuited transmission line of length L. It is evident that the output phase shift depends on the length L and it reaches a maximum of 1358 and 3488 for the transmission-type phase shifter of Figs 1 and 2, respectively, if L ¼ 08 or L ¼ 1808. For a lossless reflective-type phase shifter, |S 11 | ¼ 1 and therefore the maximum FOM is infinite. For a practical realization including lossy resonators, the maximum FOM is finite and might not necessarily appear at the frequency of maximum phase shift. This can be attributed to the fact that when a resonator is used in the reflection mode its highest loss and maximum phase variation appear at the resonant frequency (in contrast to the transmission mode where minimum loss is obtained at the resonator center frequency), whereas it is minimized in the out of resonance area but combined with reduced phase variation. Consequently, there is a trade-off between maximum phase shift and FOM. 
Phase shift (D w ) variation for various sets of fingers deflections (a) and capacitive gaps (g).
w-band phase shifters based on mems-actuated conductive fingers
I I I . T R A N S M I S S I O N -T Y P E P H A S E S H I F T E R S
A) Single-ridge phase shifter
) tuning concept
A transmission-type phase shifter based on the concept shown in Fig. 1 can be realized by a half-wavelength (guided wavelength) long transmission line with low characteristic impedance and variable capacitive loading, Fig. 4 . A realization in waveguide technology considers the use of a ridge waveguide transmission line due to the high-field concentration beneath the ridge and two sets of highly conductive moving fingers to interact with those fields. The center frequency of the resonator depends on the waveguide cross-section, the length and width of the ridge, and the signal to ground capacitive gap g. Synchronous rotation of the fingers results in a distributed variable shunt capacitance which in turn creates a transmission phase variation in the output. The maximum achievable phase shift is limited by the increased input reflection occurring at both minimum and maximum loading states and the available capacitive loading.
The maximum capacitive gap variation Dg depends on the initial gap g and becomes smaller for small g. On the other hand, a small g can result in increased IL and reduced power handling due to the high electric field intensity that appears in this gap. 
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the fingers. The obtained phase shift is 68% larger than the one predicted by the lumped element approximation model, Fig. 1 (c). This clearly shows the distributed nature of interaction of the moving fingers and electromagnetic fields which results in an increased RF performance. It is apparent that a capacitive gap variation around 187.5 mm is required so as to achieve the aforementioned phase shift. This corresponds to fingers deflection between 08 and 88 and needs to be considered for the MEMS chip design.
) rf-mems chip design
For the RF-MEMS chip design a tilting micro mirror approach is utilized. Figure 5 illustrates a conceptual drawing of the proposed geometry. The chip is composed of a stack of three double-side polished mono-crystalline silicon wafers. It consists of three anti-parallel oriented highly conductive rigid fingers that feature an out-of-plane tilting movement. The fingers are actuated by vertically staggered comb-drive actuators that can provide large actuation force. In order to achieve high static deflection angles (.88) with low actuation voltage (,30 V), low stiffness SU-8 polymeric torsional springs are used to provide low restoration torque. A thin metal coating on the surface of the spring realizes the DC connections between the control voltage contact pads of the chip and the rotating parts of the comb drives. Basic design and technology aspects have been presented in [16] and modified for the application of the phase shifter [17] . In particular, specific features that improve the RF-performance in terms of IL and FOM include: † The use of long beams (L B ) so as for the comb drive actuators to be out of the RF signal path and not to interfere with the surface currents. It is required therefore for the length of each beam (L B ) to be larger than 1.15 mm, where 1.15 mm corresponds to the distance from the edge of the finger to the outer side of the waveguide wall assuming a wall thickness of 0.4 mm (minimum thickness defined by the milling process) increased by a 300 mm to accommodate for alignment tolerances and wall thickness variations. † The effective area covered by the fingers needs to be comparable with the footprint of the half-wavelength long resonator (1.45 mm × 0.6 mm) to allow for the realization of a distributed capacitive load and therefore the dimensions of the MEMS fingers are: length L F : 1.25 mm and width d 1 : 0.15 mm and d 2 : 0.3 mm for the edge finger and the center fingers, respectively. † A high static deflection up to 88 under low actuation voltage ,30 V which is achieved by the use of long combs (380 mm in length), small horizontal gap between the rotor and stator combs ( 3 mm) and increased number of comb fingers (140), calculated according to the design rules in [17] . † Low resistivity silicon for the device and stator layer and a top metallization layer of 500 nm-thick Au (note the Au skin depth at 100 GHz is 240 nm) to minimize conductive losses created by the moving fingers when interacting with the RF signal.
) implementation and electromagnetic analysis
A waveguide-MEMS phase shifter was designed for a center frequency around 98 GHz as a technology demonstrator. A conceptual drawing of the numerical model is shown in Fig. 6 . It consists of the ridge waveguide resonator, the MEMS chip, and two transitions from ridge waveguide to standard rectangular (WR10) waveguide. The design of the transition is based on two series connected quarterwavelength long transformers and was optimized for frequencies between 95 GHz and 110 GHz. The simulation model takes into account all geometrical and material parameters for the evaluation of the phase shifter performance. In more detail
The SU-8 polymer spring is modeled as a dielectric material with e r : 4.2 and tan d: 0.02 (provided by the manufacturer) and for the top metallization layer a 500 nm-thick Au-metal sheet is used with a solve-inside mesh option to accommodate for the conductive losses due to the skin-depth effect. In order to significantly reduce computational time, only half of the geometry is simulated by using a PMC-symmetry boundary since both field distribution and geometry are symmetric. Figure 7 illustrates the simulated phase shifter performance in terms of input reflection, IL, and transmission phase for various fingers deflections (a): 0-88 and ridge height (h 3 ): 811 mm that corresponds to a minimum capacitive gap g of 9 mm. The transmission phase at zero fingers deflection has been subtracted from these curves so as to better illustrate the phase variation. At a frequency around 98 GHz (|S 11 | , -10 dB), the transmission phase grows from 08 to 63.38 with an IL between 1 dB and 3.57 dB that corresponds to a maximum FOM of 17.88/dB. The maximum phase variation (738) appears at a slightly higher frequency (103.5 GHz), with higher IL (4.9 dB), higher input reflection (|S 11 | , -4.7 dB), and lower FOM (14.98/dB). The frequency offset between minimum input reflection and maximum phase shift is due to the change in the passband bandwidth caused by the fingers loading (not considered for the analytical response of the lumped-element model of Fig. 1 ). There is always a trade-off between frequency bandwidth and maximum phase shift if low input reflection and IL is required. If, for example, a bandwidth of 2 GHz is required (98.2-102.2 GHz) then a maximum constant phase variation of 428 can be realized along the whole bandwidth with an IL between 2.8 and 3 dB and would only require a maximum MEMS deflection up to 7.88.
) fabrication and assembly
The fabrication of the tunable phase shifter involves conventional machining techniques and bulk micromachining fabrication processes. For the fabrication of the MEMS chip, a bulk silicon micromachining process is utilized as described in [17] . For the fabrication of the waveguide metal parts, high precision milling is used. Figure 8 illustrates the manufactured prototype based on a split block approach. The chip is first glued on a 5 mil RT Duroid 5880 substrate and wire-bonded to the external DC biasing lines. The substrate is then mounted on the bottom part of the fixture and centered via optical alignment. Alignment pins are used for the alignment of the waveguide blocks. In order to minimize the RF signal loss due to the lateral gaps between the MEMS chip edge and the waveguide edge (measured around 80 mm) small pieces of 25 mm-thick copper foil pads are applied (Fig. 8a) .
) measurements and discussion
The static deflection of the MEMS fingers needs to be characterized prior to RF measurements so as to identify the required DC biasing for synchronous deflection of the fingers. Figure 9 depicts the calibration curves of the fingers static deflection as a function of the applied DC bias voltage characterized by a white light interferometer (fast measurement cycle). The mechanical characterization is carried out at room temperature (25 + 18C) with the same time step used for the RF characterization of the phase shifter in order to eliminate the influence of viscoelasticity of the SU-8 torsional spring [18] . A maximum deflection angle of 8.258 can be obtained under a maximum biasing voltage of 27.5 V. The indicated biasing states are used for the phase shifter characterization. Although a finite number of states is shown, the deflection tuning is analogue and can take any value between 08 and 8.258 with a 0.058 precision (determined by the accuracy of the measurement setup) using a bias voltage control with 0.1 V resolution. The slightly different actuation characteristics of the two fingers as well as the 0.38 initial tilt are due to device asymmetries and fabrication-related geometry variations. Separate biasing voltages are therefore needed to synchronize the deflection of both fingers during the phaseshifter characterization. Figure 10 illustrates the measured RF performance of an assembled tunable phase shifter characterized by an Agilent 8510 network analyzer at room temperature (25 + 18C) with calibration planes defined at the waveguide flanges and low RF input power of approximately 1 mW. For a better illustration of the RF performance, only a finite number of biasing states is plotted. The transmission phase varies between 08 and 708 at a frequency around 98.4 GHz. For this frequency, input reflection is always below 210 dB and IL is below 3.59 dB for all biasing states. This corresponds to a maximum FOM of 19.58/dB. The IL includes the loss of the two ridge-waveguides to rectangular waveguide transitions (which was measured in a back-to-back configuration with a separate waveguide fixture and was below 0.25 dB for the frequency range between 95 and 100 GHz). The maximum phase variation of the device was measured 74.58 at a frequency of 102.5 GHz. At this frequency, the FOM reduces to 17.48/dB due to increased input reflection (|S 11 | , -5.8 dB) and IL (4.28 dB).
The measured phase shifter performance is in good agreement with the one predicted by numerical simulations (Fig. 7) , even though the simulated maximum deflection was initially assigned to 88 (8.258 measured). This small discrepancy can be attributed to the fact that on the one hand deflection is larger, whereas on the other hand the ridge height (h 3 in Fig. 4 ) is slightly reduced with regard to the original design: 807 mm instead of 811 mm (obtained by fitting simulated to measured response), which is within the range of the fabrication tolerances (milling machine: +5 mm). The increase of IL with deflection angle observed in both simulated and measured performance can be attributed to increased conductive losses caused by the large surface current density for smaller capacitive gaps. In addition, when the MEMS fingers are positioned at high-deflection states the current leakage to the MEMS substrate increases due to an opened air cavity below the MEMS fingers. Such a cavity acts as a discontinuity and allows the current to flow in the stator and handle layer which are made out of lossy silicon and therefore create additional loss.
B) Triple-ridge phase shifter
) implementation and numerical analysis
A transmission-type phase shifter based on two series cascaded highly coupled resonators was designed to increase the transmission phase shift and the FOM. A conceptual drawing of the proposed geometry is shown in Fig. 11 . It consists of a structured ridge waveguide that comprises three protruding studs and two separating notches and two highly conductive fingers integrated beneath the ridge.
The two desired tunable resonances are created by the capacitive gap (g e ) variation between the finger tips and the edge studs. Coupling of the resonances is achieved by the longer stud in the middle and the two separating notches.
The performance of the proposed structure was numerically analyzed using a finite solver HFSS and taking into consideration all geometrical and material parameters as described in Section III.A.3 and using the same MEMS chip. Optimized dimensions are given in Fig. 11 for a center frequency around 91 GHz. The design of this particular phase shifter was optimized for 91 GHz (7% lower than the singleridge transmission-type phase shifter) due to the dimensional constraints defined by the already fabricated chip. An optimized design for 98 GHz would require a reduction of the fingers' length and resonators' distance.
For the particular phase shifter design, the following fabrication limitations need to be considered for the metal waveguide fabrication: maximum aspect ratio of the studs height to notch width (2.5-3), minimum notch, and stud length (200 mm). The simulated performance of the triple-ridge transmission-type phase shifter is summarized in Fig. 12 . Finger deflections between 08 and 88 result in a variable phase shift between 08 and 1518 at a center frequency around 91 GHz. Input reflection and IL are always below 210 dB and 2.18 dB, respectively. Such a performance corresponds to a maximum FOM of 69.38/dB. The advantage of this design lies on the coupling of two resonances that on the one hand improve the RF performance in terms of phase shift and FOM, whereas on the other hand occupy the same volume as the previously reported phase shifter. Furthermore, the tuning of the two resonances is achieved by a single tuning element.
) measurements and discussion
A waveguide fixture based on the split block approach illustrated in Fig. 8 was manufactured for evaluating the proposed concept. Figure 13 depicts the details of the fabricated waveguide part. An Agilent 8510 network analyzer was utilized to measure the phase shifter frequency response under different sets of biasing voltages. In order to better evaluate the phase shift improvement due to the series coupling of the two resonances created by the structured ridge waveguide, the RF measurements were performed with the same MEMS chip as used for the single-ridge phase shifter characterization.
The measured RF performance of the triple-ridge phase shifter under different sets of actuation voltages is shown in Fig. 14 . At 92.8 GHz, input reflection is below 210 dB for all finger states. At this frequency, the phase shifts varies between 08 and 1348 and IL between 1.37 dB and 2.44 dB resulting in a maximum FOM of 558/dB. The maximum phase variation of the device was measured around 1718 at a frequency of 97.3 GHz. At this frequency, the FOM reduces to 238/dB due to an increased IL (7.43 dB). Overall, the measured performance of this device is significantly improved when compared with the measured performance of the previously described single-ridge phase shifter and is in a good agreement with the numerical simulations shown in Fig. 12 . Comparing simulations and measurements, the slight reduction in phase shift (e.g. 1348 instead of 1518 at 92.8 GHz) can be attributed to the capacitive gaps between the MEMS fingers and the protruding studs (g e and g c ) obtained at the MEMS highest deflection state, which happen to be increased by 10 mm and 5 mm, respectively. The actual minimum capacitive gaps of the measured device have been extracted by fitting the simulated frequency response to the one obtained by RF measurements and by only changing h 2 and h 3 . Such height differences are due to the fabrication tolerances of the metal blocks ( + 5 mm).
I V . R E F L E C T I V E -T Y P E P H A S E S H I F T E R S
Two different reflective-type phase shifters based on the previously described transmission-type phase shifters (Section III) were numerically analyzed, fabricated, and tested. Figure 15 
Conceptual drawing of the phase shifter model that was used for numerical simulations.
shows the conceptual drawing of the proposed geometries and the corresponding manufactured waveguide part details.
A) Single-ridge reflective-type phase shifter
The single-ridge reflective-type phase shifter design is based on the same geometrical details as used for the corresponding transmission-type phase shifter. In addition, a ridge waveguide transmission line of 0.5 l g length and a waveguide short were cascaded at its end to improve the phase shift and FOM.
A single-ridge reflective-type phase shifter as detailed in Fig. 15(a-b) was numerically analyzed and manufactured. Figure 16 illustrates the measured RF performance in terms of loss and reflection-phase shift variation for a frequency band between 92.5 GHz and 110 GHz. This experiment uses the same MEMS chip and an identical set of biasing states as used for the characterization of the corresponding transmission-type phase shifter. A maximum FOM of 498/ dB is measured at a frequency of 102 GHz. At this frequency, the reflection phase variation is 1868 and IL is better than 3.83 dB. The maximum phase shift (191.58) appears at 100.4 GHz with a FOM around 438/dB. The obtained maximum phase shift and maximum FOM are significantly improved when compared with the performance of the previously reported single-ridge transmission-type phase shifter (by 157% and by 151%, respectively). This shows the advantage of coupling an additional passive resonator at the end of the transmission-type phase shifter.
B) Triple-ridge reflective-type phase shifter
In a similar way, a triple-ridge reflective-type phase shifter was designed and experimentally validated. Figure 15 (c) illustrates a conceptual drawing of the numerical model. A phase shifter prototype was manufactured (Fig. 15d) and experimentally w-band phase shifters based on mems-actuated conductive fingerstested. Figure 17 shows the measured RF frequency response in terms of loss and reflection phase variation for a frequency band between 85 GHz and 110 GHz, which was evaluated using the same MEMS chip and sets of biasing states as in Fig. 14. The maximum FOM was measured around 1018/dB at a frequency around 107.4 GHz. At this frequency, the output reflection phase varies between 08 and 3778 and the loss is always better than 3.74 dB. It is important to note here that the maximum phase variation (4948) of the phase shifter appears as expected at a lower frequency of 97 GHz (as for the corresponding triple-ridge transmission-type phase shifter). This frequency cannot be considered for the operation of the phase shifter due to the high loss of the corresponding resonators of around 14.8 dB (calculated by a fourth-order polynomial fitting of the measured data at this frequency). Thus, for a low loss and high FOM operation, the phase shifter needs to be operated toward higher frequencies between 101 GHz and 110 GHz (FOM: 77.5-858/dB). Overall, the obtained RF performance is significantly improved when compared with the performance of the previously described phase shifters. If compared with the corresponding transmission-type phase shifter (Fig. 14) the maximum FOM is increased by 84% and the maximum phase shift by 189%. phase shifter outperforms any other previously reported W-band phase shifter in terms of maximum FOM and minimum number of tuning elements. Its phase shift is larger than the one of designs [1, 4, 7, 9, 12, 13] . Design [2] has larger phase shift at the nominal frequency but its IL is about 0.6 dB higher. On the other hand, it requires a large number of tuning elements (28). If both designs are compared for the same IL threshold (4.3 dB) then the phase shift variation of the triple-ridge reflective type is larger (4128). The maximum phase shift variation of design [8] appears to be larger than the one of the triple-ridge reflective-type phase shifter but its loss is significantly higher at its nominal frequency. In addition, a strong magnetic field is required to tune its properties. Note that the first four designs in Table 1 describe phase shifters with a small set of discrete settings, whereas the other designs including the ones presented in this paper feature analogue/continuous control of the phase.
C) Comparison with the state-of-the-art
V . C O N C L U S I O N
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A C K N O W L E D G E M E N T S
